Ultraviolet (UV) light is a potent mutagenic and genotoxic agent. Whereas DNA damage induced by UV light is known to be responsible for UV-induced genotoxicity, its role in triggering apoptosis is still unclear. We addressed this issue by comparing nucleotide excision repair (NER) de®cient 27-1 and 43-3B Chinese hamster (CHO) cells with the corresponding wild-type and ERCC-1 complemented cells. It is shown that NER de®cient cells are dramatically hypersensitive to UV-C induced apoptosis, indicating that DNA damage is the major stimulus for the apoptotic response. Apoptosis triggered by UV-C induced DNA damage is related to caspase-and proteosome-dependent degradation of Bcl-2 protein. The expression of other members of the Bcl-2 family such as Bax, Bcl-x L and Bak were not aected. Bcl-2 decline is causally involved in UV-C induced apoptosis since overexpression of Bcl-2 protected NER de®cient cells against apoptosis. We also demonstrate that caspase-8, caspase-9 and caspase-3 are activated and PARP is cleaved in response to unrepaired UV-C induced DNA damage. Caspase-8 activation occurred independently of CD95 receptor activation since CD95R/ FasR and CD95L/FasL were not altered in expression, and transfection of transdominant negative FADD failed to block apoptosis. Overall, the data demonstrate that UV-C induced non-repaired DNA damage triggers apoptosis in NER de®cient ®broblasts involving components of the intrinsic mitochondrial damage pathway. Oncogene (2001) 20, 6026 ± 6038.
Introduction UV-C irradiation is a powerful mutagenic, carcinogenic and cytotoxic agent due to its ability to induce highly eciently DNA damage (Cadet et al., 1992) . UV-C was also shown to induce apoptosis in various cell systems . However, the contribution of apoptosis to cell killing eects induced by UV light in dierent cell types as well as the role of UV-C induced DNA damage in triggering apoptosis is still unclear. The main DNA adducts induced by UV-C are cyclobutane pyrimidine dimers and, to lesser extent, (6 ± 4)photoproducts which are responsible for genotoxicity and reproductive cell killing (Friedberg et al., 1995) . DNA lesions may trigger cytotoxicity directly by activating death pathways or indirectly, e.g. by aecting transcription, replication or the formation of chromosomal changes. Recently it has been reported that inhibition of transcription by ultraviolet light triggers p53 dependent apoptosis (Ljungman et al., 1999) . Whether this is true also for other cell types, e.g. p53 mutated cells, and whether other pathways are also involved is still a matter of debate.
Besides damaging DNA, UV-C light activates a variety of extranuclear cellular functions, including growth factor cytokine receptors, which were also discussed to be involved in cell killing (Mansukhani et al., 2000) . Activation of growth factor receptors results in stimulation of MAP-kinase cascade covering ERKs, JNKs and p38 MAP kinase. These kinases phosphorylate certain transcription factors ®nally leading to transactivation of target genes the products of which may determine cell survival and apoptosis (Canman and Kastan, 1996) . The mechanism of immediate-early activation of the EGF receptor and upregulation of downstream genes does not appear to be dependent on DNA damage; it is rather due to inhibition of phosphatases causing hyperphosphorylation of the cytoplasmic EGF receptor domains and thus its activation (Sachsenmaier et al., 1994; Gross et al., 1999; Knebel et al., 1996) . UV-C was also shown to activate the CD95/Fas receptor, which occurred independent from CD95/Fas ligand binding (Rehemtulla et al., 1997) . As a result, CD95/Fas dependent signaling is evoked in a similar way as by binding of the extracellular ligand. Based on this, it was hypothesized that UV-C triggers apoptosis directly, without the involvement of DNA damage, i.e. by activation of the CD95/Fas receptor (Rehemtulla et al., 1997) .
On the other hand, it is well established that reproductive cell death (as measured by loss of colony forming ability) of UV-C is due to induced DNA damage. The major line of evidence is based on DNA repair de®cient cell types that are more sensitive in their killing response to UV-C than repair pro®cient cells (Wood and Burki, 1982; Westerveld et al., 1984; Stefanini et al., 1986; Weeda et al., 1990) . Theoretically, hypersensitivity of DNA repair de®cient cells to UV-C light could be caused by an elevation in the frequency of necrosis, apoptosis or the so-called mitotic death. If apoptosis would be majorly involved, nuclear DNA damage would be implicated to lead to activation of the apoptotic program. To address the question of whether and how UV-C induced DNA damage is involved in apoptosis, we comparatively examined DNA repair de®cient versus pro®cient isogenic pairs of cells. For the experiments we used the nucleotide excision repair (NER) de®cient Chinese hamster ovary (CHO) mutants 27-1 and 43-3B, which are known to be hypersensitive to UV-C, cisplatin and various other agents having in common to induce DNA lesions that are subject to repair by NER (Weeda et al., 1990; Lee et al., 1993; Westerveld et al., 1984; Larminat and Bohr, 1994) . We show that the NER de®cient mutants are dramatically more sensitive than the corresponding isogenic repair pro®cient cells to UV-C induced apoptosis. This process is triggered by components of the so-called mitochondrial damage pathway and by caspase-9, caspase-3 and caspase-8 activation and seems not to involve CD95/Fas. Since the cells are mutated for p53, the apoptotic pathway evoked appears to be p53 independent.
Results

Apoptosis in NER deficient cells
NER de®cient 27-1 and 43-3B cells are more sensitive to the cytotoxic eect of UV-C light than the repair pro®cient CHO-9 wild-type and ERCC1-stably transfected (complemented) 43-3B cells (designated as 43-3B/ERCC1), which was determined by measuring the colony forming ability of treated cells compared to the control ( Figure 1A ).
To elucidate whether the hypersensitivity in reproductive cell death of NER de®cient cells is due to the induction of apoptosis, DNA laddering assays were performed. Only UV-C treated 27-1 and 43-3B cells, but not CHO-9 and 43-3B/ERCC1 cells displayed apoptotic DNA cleavage after UV-C light exposure ( Figure 1B) . Quanti®cation of apoptosis by¯ow cytometry revealed a dose-dependent increase in 43-3B and 27-1 cells, whereas in repair pro®cient cells the frequency of apoptosis was only slightly enhanced ( Figure 1C ). Apoptosis was ®rst observed 24 h after UV-C irradiation and increased with further incubation time up to a level of 85% in the hypersensitive cell lines ( Figure 1D ). The frequency of necrosis under the same treatment conditions was low and did not exceed 15% ( Figure 1E ). Obviously, apoptosis is the main route of cell killing in NER de®cient ®broblasts. To prove that the elevated level of apoptosis in NER de®cient cells upon UV-C irradiation is not due to a general hypersensitivity of the cells to activate the apoptotic pathway, we treated NER pro®cient and de®cient cells with the DNA alkylating agent N-methyl-N'-nitro-Nnitrosoguanidine (MNNG) or ionizing radiation (grays). Both treatments cause DNA lesions which are not repaired by NER. In contrast to UV-C irradiation (and cisplatin, data not shown), the frequency of apoptosis was not enhanced by these treatments in NER de®cient cells ( Figure 1F ) indicating the NER mutants are not to be generally sensitized to undergo apoptosis upon any kind of genotoxic stress, but only upon the induction of DNA damage which is subject of repair by NER.
Expression of pro-and anti-apoptotic proteins
To analyse the expression of apoptotic proteins in the hypersensitive repair de®cient cell lines, Western blot experiments were performed. As shown in Figure 2A ± C, both 27-1 and 43-3B cells responded to UV-C irradiation with decrease of Bcl-2 protein level. This decrease occurred only very slightly and transiently iǹ wild-type' CHO-9 (Figure 2A ,B) and 43-3B/ERCC1 cells ( Figure 2C ). Thus it is obvious that downregulation of Bcl-2 upon UV-C treatment is ampli®ed in NER de®cient cells. Decline of Bcl-2 started between 6 and 8 h after UV-C treatment and remained at a very low level in 43-3B cells in the following post-exposure period (up to 72 h) (see Figure 2B ). There was no change in the expression of other Bcl-2 family members such as Bax, Bak and Bcl-x L both in the repair de®cient and pro®cient cells (Figure 2A,B) . Also, the expression of CD95/Fas-ligand and CD95/Fas-receptor, which were reported to be upregulated after the induction of DNA damage in various cell types, remained unaltered ( Figure 2A ).
PARP cleavage
Induction of apoptosis in 27-1 and 43-3B cells by UV-C was accompanied by cleavage of poly(ADP)ribose polymerase (PARP). This resulted in the appearance of a 85 kDa protein fragment, which was not observed under identical treatment conditions (10 J/m 2 ) in CHO-9 cells ( Figure 2D ). Cleavage of PARP started in the repair de®cient cells between 15 and 20 h after treatment (data not shown) and was most obvious 48 h after UV-C irradiation ( Figure 2D ). PARP cleavage was also observed in CHO-9 wild-type cells, although much higher doses of UV-C light (440 J/m 2 ) were required for eliciting the eect (data not shown).
Bcl-2 overexpression
To determine the biological relevance of the observed decline of Bcl-2 in UV-C induced apoptosis, we stably overexpressed Bcl-2-protein in 27-1 cells by using a Myc-tagged-Bcl-2 expression vector. Seven Bcl-2 overexpressing clones were identi®ed by Western blotting ( Figure 3A ). These clones were analysed together with the recipient cell line as to the induction of apoptosis by annexinV staining and¯ow cytometry. In all Bcl-2 overexpressing clones UV-C induced apoptosis was reduced by *45% in comparison to transfectants not expressing Myc-Bcl-2 (clone 1). Interestingly, the frequency of necrosis was not aected by Bcl-2 overexpression ( Figure 3B ). Thus, overexpression of Bcl-2 clearly protects from apoptosis but not from necrosis upon UV-C induced DNA damage. To elucidate whether reduced apoptosis in Bcl-2 overexpressing cells increases overall survival, colony forming assays were performed. Surprisingly, the clonal survival upon UV-C treatment was not dierent in the mutant and Bcl-2 transfected cell lines ( Figure 3C ) which indicates that the reduced apoptosis frequencies are compensated for by other kinds of cell death or irreversible cell cycle blockage.
Mechanism of Bcl-2 decline
To analyse whether the UV-C induced decline of Bcl-2 protein in NER de®cient cells is due to reduced bcl-2 mRNA expression, RT ± PCR analysis was , MNNG (1 mM) and g-rays (4 Gy) as determined 72 h after treatment performed. Within 24 h after UV-C irradiation, when the level of Bcl-2 protein was decreased by about 90% (see Figure 2A ), we could not detect any change in the expression of bcl-2 mRNA ( Figure 4A ). Taking into account a half-life of bcl-2 mRNA of about 2.5 h (Reed et al., 1989 ) the ®nding indicates a post-translational mechanism to be involved in UV-C induced decrease of Bcl-2 protein. Interestingly, treatment of cells with the proteosomal inhibitor MG115 or MG132 abolished the decline of Bcl-2 after UV-C irradiation ( Figure 4B ,C). This indicates that reduction of the Bcl-2 level is due to proteosomal degradation of Bcl-2 which is stimulated by UV-C induced DNA damage. One might argue that the blockage eect of the proteosomal inhibitors on UV-C induced Bcl-2 decline is pretended by a possible stimulating eect on Bcl-2 expression. This however is not true since treatment with the proteosomal inhibitor by its own even lead to a slight decrease in the Bcl-2 level in the corresponding controls (see Figure 4B , left panel).
Caspase activation
As a result of UV-C irradiation (with a dose of 10 J/m 2 ) caspase-8, caspase-3 and caspase-9 were activated in 27-1 cells but not in the CHO-9 wild-type ( Figure 5A ). As shown by the time-course experiments in Figure 5A , caspase activation occurred within a period of 30 h after irradiation. It started 10 h after irradiation and further increased with incubation time. Caspase-8 appears to be quite early activated in 27-1 cells and nearly paralleled the induction of caspase-3. Early activation of caspase-8 was also found in 43-3B cells, but not in the NER pro®cient 43-3B/ERCC1 transfectant ( Figure 5B ). Overall, the data show that nonrepaired UV-C induced DNA damage triggers the activation of caspase-8, caspase-3 and caspase-9.
To examine whether caspase-8 activation is related to caspase-3 activation, we included in this study MCF-7 cells lacking caspase-3 (Kurokawa et al., 1999) and stably transfected with caspase-3 (designated as MCF-7/C3) (Kim et al., 2000a) . UV-C irradiation of ) of CHO-9, 27-1 and 43-3B cells. All ®lters were reincubated with ERK2 antibody to con®rm equal loading of ®lters MCF-7 and MCF-7/C3 cells let to induction of apoptosis and decline of Bcl-2-protein in both cell lines (data not shown) whereas the induction of caspase-3 and caspase-8 was only observed in UV-C irradiated MCF-7/C3 cells ( Figure 5E ). Similar results were obtained by Western blot analysis using caspase-8 antibody (data not shown). This indicates that Bcl-2 decline is not necessarily related to caspase-3 and caspase-8 induction and that caspase-8 activation is a down-stream event of caspase-3 activation.
Effect of caspase inhibitors
To further prove the involvement of activated caspases in UV-C induced apoptosis, we tested the eect of cellpermeable caspase inhibitors on the frequency of induced apoptosis in 27-1 cells. As shown in Figure  5C , treatment with the broad-spectrum caspase inhibitor ZVAD-FMK completely abrogated UV-C induced apoptosis. The caspase-3 inhibitor DEVD-CHO and the caspase-8 inhibitor IETD-FMK exerted a partial inhibitory eect, suggesting incomplete inhibition or involvement of other caspases than the examined one. Simultaneous treatment with both inhibitors did not cause additivity of the eect, indicating a synergistic action of both caspases. In contrast, the cell-permeable caspase-9 inhibitor LEHD-FMK (various preparations purchased from dierent manufacturers were tested) was ineective in blocking UV-C induced apoptosis. We should note that under the same conditions of treatment, LEHD-FMK blocked alkylating agent-induced apoptosis in CHO cells by about 40% (Ochs and Kaina, 2000) indicating that failure of inhibition of UV-C induced apoptosis by Western blots were reincubated with an anti-ubiquitin-antibody (lower blots) to demonstrate an eect of the inhibitors on the degradation of ubiquitinated proteins under the experimental conditions used this inhibitor cannot be explained on the basis of the experimental protocol or general ineectiveness of the agent. To prove whether the caspase inhibitors were eective under the treatment conditions used, control experiments were performed with UV-C treated cells post-incubated with either one of the agents. We observed that DEVD-CHO inhibited caspase-3 activity by 91%, IETD-FMK caspase-8 activity by 74% and LEHD-FMK caspase-9 activity by 89% (average values of three experiments).
To examine whether caspase activation contributes to Bcl-2 decline, we analysed the eect of caspase inhibitors on UV-C induced Bcl-2 reduction in 27-1 cells. As shown in Figure 5D , there was a clear increase in the Bcl-2 level (up to 70% of the control) in UV-C irradiated cells post-treated with the general caspase inhibitor ZVAD-FMK. Using the caspase-3 and caspase-9 inhibitors DEVD-FMK and LEHD-FMK respectively, Bcl-2 degradation was also partially abolished whereas the caspase-8 inhibitor IETD-FMK did not signi®cantly block UV-C stimulated Bcl-2 decline (see Figure 5D ). This suggests that Bcl-2 decline observed upon UV-C irradiation in NER de®cient cells is at least partialy related to caspase-3 and caspase-9 activation.
Mitochondrial membrane potential
The eect of UV-C irradiation on mitochondrial membrane potential was analysed by¯ow cytometric measurements of cells stained with JC1. Loss of mitochondrial membrane potential was observed in UV-C irradiated 27-1 but not CHO-9 cells, starting 24 ± 48 h after irradiation ( Figure 6A ). Interestingly, decrease of the membrane potential was blocked by the general caspase inhibitor ZVAD-FMK ( Figure 6B ) indicating that it is driven by caspase activity.
Overexpression of dominant-negative FADD
To elucidate whether or not activation of caspase-8 by UV-C induced DNA damage is dependent on CD95/ Fas-receptor activation, we transfected dominantnegative FADD (an adaptor molecule linking the CD95/Fas-receptor with caspase-8) both transiently and stably into 27-1 cells. The protein expression is shown in Figure 7A . The overexpressed protein encoded by the expression vector used was shown before to be functional in MCF-7 cells (Rehemtulla et al., 1997) . We did not observe an eect of expression of dominant-negative FADD on UV-C induced apoptosis, neither in transiently transfected cells ( Figure 7B ) nor in three randomly selected stably transfected clones ( Figure 7C ). Together with the ®nding that CD95R/ FasR and CD95L/FasL were not altered in expression after UV-C exposure (see Figure 2A) , the result indicates that CD95R/FasR is not involved in triggering the apoptotic pathway in UV-C irradiated NER de®cient ®broblasts.
To provide supportive evidence that caspase-8 activation can occur independent of CD95R/FasR activation by UV-C light, we tested human promyelocytic leukemia HL-60 cells which are resistent to CD95L/FasL and anti-CD95R/FasR antibody treatment-induced apoptosis (Tatsuta et al., 1996) (see also Figure 8A ). HL-60 cells were irradiated with UV-C with a dose causing nearly the same frequency of apoptosis than previously observed in 27-1 and 43-3B cells. Induction of apoptosis ( Figure 8B ) was clearly accompanied by caspase-8 activation ( Figure 8C ) which supports the view that caspase-8 activation by UV-C induced DNA damage is independent of CD95R/FasR activation.
Discussion
UV-C is a highly ecient inducer of apoptosis in many cell types . Despite intensive research, the signaling involved in the initiation of apoptosis by UV-C is still unclear. It has been shown that UV-C is able to activate the CD95/Fas receptor in mammalian cells (Rehemtulla et al., 1997) which occurs independently from CD95/Fas ligand binding (Tatsuta et al., 1996) . The concept that UV-C light directly activates the CD95/Fas system and thus triggers apoptosis (Rehemtulla et al., 1997; Kulms et al., 1999) is counteracted by the paradigma that UV-C induced DNA damage is the major cause for genotoxicity and reproductive cell death (for review see Friedberg et al., 1995) . Major evidence for DNA damage as a critical primary event in cell killing is based on NER de®cient cells that are hypersensitive to UV light (Westerveld et al., 1984; Weeda et al., 1990; de Boer and Hoeijmakers, 2000) . Whether this hypersensitivity is due to induction of apoptosis, necrosis or another form of cell death was an hitherto open question. To elucidate whether UV light-induced DNA damage triggers the apoptotic response, we compared the NER de®cient CHO cell lines 27-1 and 43-3B harboring a defect in the ERCC3 and ERCC1 gene respectively (Hayashi et al., 1998; Weeda et al., 1990; Westerveld et al., 1984) , with the corresponding repair-pro®cient isogenic counterparts. We show that hypersensitivity of NER de®cient cells to the cell killing eect of UV-C is mainly due to the induction of apoptosis. Necrotic cell death occurred only to a very low extent (515%). We should also note that the kinetics of apoptosis and necrosis is dierent with earlier and transient appearance of necrotic cells as compared to apoptosis (data not shown). Overall, the data provide compelling evidence that UV-C induced DNA damage is a primary trigger of apoptosis. UV-C induced apoptosis in NER de®cient cells was related to the induction of caspase-8, caspase-3 and caspase-9, which was not observed in NER pro®cient cells within the dose range applied (510 J/m 2 ). Therefore caspase-activation is clearly triggered by nonrepaired DNA damage. Inhibition of caspase-3 and -8 suppressed apoptosis indicating that they play an important role in apoptosis upon UV-C irradiation. Previous reports on UV-C induced apoptosis support the model of a direct activation of the CD95/FasR (or other death receptors) leading subsequently to caspase-8 activation, which can also be independent of ligand binding (Aragane et al., 1998; Kulms et al., 1999; Sheikh et al., 1998) . Activation of CD95/Fas, e.g. by doxorubicin, has been reported to be related to the increase in the amount of CD95/Fas-R or Fas-L (Friesen et al., 1996) . We did not observe any dierence in the expression level of both CD95/FasR and its ligand upon UV-C induced DNA-damage in NER-de®cient cells. This indicates that CD95/Fas is not majorly involved in DNA damage-triggered apoptosis upon UV-C treatment. This raises the question as to the cause of caspase-8 activation observed in our cell system. For various DNA damaging anticancer drugs such as mitomycin C, doxorubicin and etoposide, data were reported to show that they activate caspase-8 without CD95R/ CD95L interaction and without being blocked by transfection with dominant negative FADD (Wesselborg et al., 1999) . Further examples for caspase-8 activation independent of FasR/FasL were provided by lung cancer cells treated with anticancer drugs (Ferreira et al., 2000) and lymphoblastoid cells treated with ionizing radiation (Belka et al., 1999) . Since transfection and expression of dominant-negative FADD, which blocks CD95/Fas signaling (Muzio et al., 1996) , in NER de®cient cells did not aect UV-C induced apoptosis, we concluded UV-C induced caspase-8 activation upon DNA damage to occur independent of CD95/Fas. This gains further support by experiments demonstrating that UV-C induces apoptosis and caspase-8 activation in HL-60 cells which express the CD95/Fas receptor (Pizer et al., 1996) but which are nevertheless resistant to anti-CD95/Fas antibody-induced apoptosis (Tatsuta et al., 1996; Richardson et al., 1999) .
We should note that caspase-8 de®cient Jurkat Tlymphocytes as well as ®broblasts of caspase-8 null mice are resistant to CD95/Fas-induced apoptosis but still sensitive to UV-induced programmed cell death (Juo et al., 1998; Varfolomeev et al., 1998) . Therefore it is doubtful that caspase-8 activation plays a crucial initial role in UV-C induced DNA damage-triggered apoptosis. Caspase-8 may however still be important for the apoptotic execution phase because we observed inhibition of caspase-8 to reduce apoptosis. The hypothesis that caspase-8 acts as executioner caspase rather than as an initiator upon DNA damage is supported by our experiments with MCF-7 cells, showing that not in the parental caspase-3 de®cient cells but only in caspase-3 transfectants caspase-8 becomes activated. This indicates caspase-3 to be involved in the activation of caspase-8. As opposed to caspase-8 de®cient cells embryonic stem cells lacking caspase-3 are refractory to UV-induced apoptosis . Together with our data the ®ndings indicate that caspase-3 plays a decisive role in UV light-induced apoptosis.
As revealed by time-course experiments, activation of caspase-9 occurred after caspase-8 and -3 in UV-C treated NER-de®cient cells. Caspase-9 inhibition by treatment with zLEHD-FMK had no signi®cant eect on apoptosis frequency, indicating caspase-9 not to be essential for executing apoptosis in the repair de®cient cells. It should be noted that caspase-9 lacking ®broblasts are resistant to UV light induced apoptosis whereas caspase-9 de®cient thymocytes remained sensitive . Obviously the involvement of caspase-9 in UV-C induced apoptosis is cell type speci®c; in some cases caspase-9 de®ciency seems to be compensated for by other caspases (Zheng et al., 2000) .
A hallmark of UV-C induced apoptosis in NER de®cient cells is decreased in the level of the antiapoptotic Bcl-2 protein. The expression of other Bcl-2 family members Bax, Bak and Bcl-x L was unaltered in irradiated repair de®cient cells. We should note that decline in the Bcl-2 level was also observed in the NER pro®cient wild-type, although clearly more slightly. It therefore seems that the physiological reaction to UV light is basically identic in NER pro®cient and de®cient cells, although the response is clearly enhanced in cells that are defective for NER. The response of NER de®cient cells strongly suggests that decline of Bcl-2 is a consequence of nuclear DNA damage and not an indirect cytoplasmic or membrane eect of UV-C light. Bcl-2 decline appears to play a crucial role in UV-C induced apoptosis in NER de®cient cells since overexpression of Bcl-2 reduced UV-C induced apoptosis signi®cantly. We should note that Bcl-2 overexpression did not alter overall cell survival (as measured by colony formation) after UV-C irradiation. This apparent contradiction between apoptosis and overall survival might be explained by alternative cell death pathways such as mitotic death or irreversible cell cycle blockage that compensate for the loss of apoptotic potential in Bcl-2 overexpressing cells. A similar discrepancy between apoptosis and overall survival was reported for other cell systems (Hickman and Samson, 1999; Yin and Schimke, 1995) .
The regulation of Bcl-2 upon exposure to UV-C light appears to be complex. We show that Bcl-2 is not down-regulated on transcriptional level in NER de®cient cells. Caspase inhibitors as well as proteosomal inhibitors prevented the UV-C induced Bcl-2 decline indicating that UV-C stimulates a degradation process of Bcl-2. There are several ®ndings supporting Bcl-2 to be subject to degradation by caspases (Tomicic and Kaina, 2001 ). Also, staurosporine-induced apoptosis in 293 cells leads to cleavage of Bcl-2 by caspase-3. Furthermore, MCF-7 cells lacking caspase-3 activity display Bcl-2 cleavage only after stable transfection of caspase-3 (Kirsch et al., 1999) . Since decline of Bcl-2 can be blocked at least partially by treatment with caspase-3 inhibitor DEVD-CHO (which at the same time suppressed apoptosis) caspase-3 activated in NER de®cient cells appears to provoke Bcl-2 decrease.
Degradation by the proteosome complex should also be taken into account for Bcl-2 decline. Thus, IAP's (inhibitor of apoptosis proteins) (Yang et al., 2000) and the pro-apoptotic tBid, which is generated by cleavage of Bid by caspase-8, were shown to be degraded by proteosomes (Breitschopf et al., 2000) . Interestingly, in our cell system the proteosomal inhibitors were more eective than caspase inhibitors in inhibiting Bcl-2 degradation which may be taken to indicate that UV-C triggers mainly a proteosomal-driven Bcl-2 degradation pathway. This has also been shown for other cell types and apoptotic stimuli (Dimmeler et al., 1999) . Proteosomal degradation of Bcl-2 has been suggested to be controlled by phosphorylation of the protein (Dimmeler et al., 1999) . In preliminary experiments with NER-de®cient cells treated with the kinase inhibitor H7 or SB203580 we did not observe an eect on UV-C induced Bcl-2 decrease (data not shown). We should note that caspase-9 inhibitor LEHD-FMK slightly prevented Bcl-2 decline without aecting apoptosis signi®cantly. This may be taken to indicate that thresholds for Bcl-2 exist determining whether the cells undergo apoptosis or not.
Bcl-2 decline is supposed to be related to the breakdown of the mitochondrial membrane potential often observed in apoptotic cells (Kroemer and Reed, 2000; Marzo et al., 1998; Narita et al., 1998) . We performed¯ow cytometric measurements with JC1 stained 27-1 cells and observed breakdown in mitochondrial membrane potential beginning 24 ± 48 h after UV-C irradiation. The mechanism by which this occurs is not clear; it might involve disrupture or swelling of the outer membrane and pores like the voltage dependent anion channel VDAC (for review see Kroemer and Reed, 2000) . UV-C induced Bcl-2 decline started much earlier than the breakdown of the membrane potential became detectable in 27-1 cells. Interestingly, a general caspase-inhibitor prevented the breakdown of the membrane potential, indicating that it is rather a downstream event of apoptosis triggered by UV-C induced DNA damage.
In most reported cases, apoptosis is accompanied by caspase-3 mediated cleavage of the DNA repair associated enzyme PARP, generating a 85 kDa-fragment. We detected cleavage of PARP in UV-C irradiated NER de®cient cells but not in wild-type cells. PARP cleavage parallels caspase-3 activation as well as internucleosomal DNA fragmentation, which also depends on caspase-3 activation (Enari et al., 1998) . Cleavage of PARP might be involved at least indirectly in triggering apoptosis. Thus, data are available to show that the C-terminal cleavage product of PARP inhibits PARP homodimerization and therefore reduces the overall cellular PARP activity which is of importance for defence against UV-C mediated apoptosis (Kim et al., 2000b) .
It is important to note that CHO cells are mutated for p53 (Lee et al., 1997; Hu et al., 1999) . In the cell line we were working with, p53 was not detectable and there was no transactivation of a p53-driven vector (data not shown). Therefore, apoptosis triggered in this cell system by non-repaired UV-C induced DNA damage appears to be independent of p53. p53 has been shown to be involved in upregulation of fasR and bax (Miyashita and Reed, 1995) and downregulation of bcl-2 (Miyashita et al., 1994; Haldar et al., 1994) . Obviously, in p53 de®cient cells another sensor for non-repaired DNA damage must exist delivering the signal for the Bcl-2 decline. This is in line with a previous report showing DNA damage O 6 -methylguanine to trigger apoptosis in ®broblasts via Bcl-2 decline (Ochs and Kaina, 2000) and without the involvement of p53 (Hickman and Samson, 1999) . Also, Bcl-2 decline was observed upon the induction of DNA breaks in p53 knockout mouse ®broblasts by g-rays and PvuII electroporation (Lips and . Upon DNA alkylation both the level of endogenous and transfected Bcl-2 protein was reduced (Ochs and Kaina, unpublished data) suggesting that Bcl-2 decline is a posttranscriptional phenomenon. If ubiquitination is involved in Bcl-2 degradation (Dimmeler et al., 1999) it is reasonable to suppose that speci®c DNA damage stimulates ubiquitination. In future work we will address this issue in more detail. Regarding the role of p53 in apoptosis, we should add the note that p53 de®cient (knockout) mouse ®broblasts are more sensitive than the corresponding wild-type cells to UV-C light and other genotoxic agents (Lackinger and Kaina, 2000) . Obviously, in ®broblasts p53 rather protects against apoptosis than is required for its execution, which is very likely due to cell cycle arrest and stimulation of DNA repair (Smith et al., 2000) .
Overall our data show that UV-C induced apoptosis in ®broblasts is caused by non-repaired DNA damage triggering Bcl-2 degradation, caspase-3 activation, CD95 Fas-receptor independent caspase-8 activation and breakdown of the mitochondrial membrane potential. Additional studies on DNA damage-induced apoptosis with cell types diering in DNA repair capacity will further illuminate the mechanism by which critical DNA lesions activate the apoptotic process. Since many anticancer drugs damage DNA in a similar way as UV-C does, the model system applied is highly useful for providing insight into the mechanism of action of these highly relevant agents.
Materials and methods
Reagents
Antibodys used for Western blotting were purchased from Santa Cruz Biotechnology Inc., Cell-permeable caspase-8 inhibitor IETD-FMK was obtained from R&D Systems, cellpermeable caspase-9 inhibitor LEHD-FMK from R&D Systems and Calbiochem, and cell-permeable caspase-3 inhibitor DEVD-CHO from Alexis Biochemicals. Proteosomal inhibitors were a product of Biomol GmbH.
Cell lines
For this investigation we used the parental Chinese hamster ovary cell line CHO-9 and the UV-C hypersensitive derivatives 27-1 and 43-3B (Wood and Burki, 1982) . 27-1 cells are defective in the ERCC3 gene (Weeda et al., 1990) , whereas 43-3B cells are mutated in the ERCC1 gene (Westerveld et al., 1984) . Stably complemented 43-3B/ ERRC1 cells were generously provided by Dr R Wood. Cells were cultured in DMEM/F12 medium containing Glutamax (Gibco BRL) and 5% fetal calf serum (FCS). Human promyelocytic leukemic HL-60 cells, MCF-7-cells and caspase-3 transfected MCF-7/C3 cells (generously provided by Dr R JaÈ nicke) were cultured in RPMI1640 medium containing 10% FCS. Transfected cell lines were selected by G418 (1.5 mg/ml for CHO cells and 0.4 mg/ml for MCF-7/C3 cells). All cell lines were cultured at 378C in an atmosphere containing 7% CO 2 .
UV-C and anti-APO-1 treatment
Prior to UV-C treatment, culture medium was removed, cells were irradiated and the medium was added again immediately after irradiation. The UV-C lamp used was calibrated routineously. To induce CD95/Fas-receptor induced apoptosis, cells were treated with anti-CD95/Fas-antibody/protein A (1 mg/ml) as described .
Clonogenic survival experiments
To determine clonogenic cell survival, 400 cells were seeded into 6-cm dishes. Eight hours later, culture medium was removed and cells were irradiated with dierent doses of UV-C. One week later colonies were ®xed with methanol and stained with 1.25% Giemsa, 0.125% crystal violet for counting. Survival was expressed in relation to the untreated control. Values are given as mean of three independent experiments.
Determination and quantification of apoptosis
For semiquantitative determination of apoptosis, DNA laddering assays were performed as described (Ioannou and Chen, 1996) . DNA of UV-C treated or untreated cells was isolated 48 h after irradiation. Equal amounts of DNA of each sample were separated on a 1.5% agarose gel. For quantitative determination of apoptosis and necrosis,¯ow cytometric analysis with annexin V-FITC and propidium iodide stained cells were performed as described (Kaina et al., 1997) . Brie¯y, treated and untreated cells were trypsinized, washed in ice-cold PBS and resuspended in 30 ml cold annexin V binding buer (10 mM HEPES pH 7.4, 0.14 M NaCl, 0.25 mM CaCl 2 62H 2 O, 0.1 % BSA (w/v)). After the addition of 1.5 ml annexin-FITC (Pharmingen) cells were incubated for 15 ± 30 min in the dark. At least 264 ml binding buer and 6 ml propidium iodide (50 mg/ml) were added per sample. Samples were analysed on a FACSort¯ow cytometer (Becton Dickinson). The number of apoptotic and necrotic cells were calculated using a computer program (Cell Quest Software, Becton Dickinson).
Membrane potential measurement
Treated and non-treated cells were stained in culture for 30 min with 1 mM JC1 (Molecular Probes) (Cossarizza et al., 1994) . Thereafter cells were washed with PBS, trypsinized and analysed on a FACSort¯ow cytometer (Becton Dickinson). For positive control, cells were treated with 1 mM CICCP (carbonyl cyanide m-chlorophenylhydrazone) for 15 min immediately before JC1-staining.
Preparation of cell extracts
Treated and non-treated cells were harvested by trypsinization, washed with PBS and resuspended in soni®cation buer (20 mM Tris/HCl pH 8.5, 1 mM EDTA, 5% glycerin, 1 mM DTT, 0.5 mM PMSF). Cells were soni®ed three times with 10 pulses at 48C. To remove cell debris, the suspension was centrifuged with 20 000 g for 15 min. The supernatants were collected and protein concentration was determined.
Western blot analysis
Twenty to thirty mg protein per sample were separated on a 7.5 to 12% SDS polyacrylamide gel. After electrophoresis, proteins were blotted onto a nitrocellulose transfer membrane (Protran, Schleicher & Schuell) . Membranes were blocked for 2 h in 5% (w/v) milk powder in PBS containing 0.1% Tween 20 (PBT), incubated for 2 h with the primary antibody (1 : 3000 ± 5000 dilution), washed three times with PBT and incubated 1 h with a horseradish peroxidase-coupled secondary antibody 1 : 3000 (Amersham). After ®nal washing with PBT (three times for 10 min each) blots were developed by using a chemiluminescence detection system (Amersham). The primary antibodies were purchased from Santa Cruz Biotechnology Inc..
RT ± PCR
RT ± PCR were performed using the Titan One Tube RT ± PCR system (Boehringer Mannheim). Bcl-2 primers used were 5'-GGA AGG ATG GCG CAA GCC GGG AG-3' and 5'-CCC AGC CTC CGT TAT CCT GGA TC-3'.
Transfection experiments
A pcDNA3.1 plasmid carrying the human bcl-2 wild-type cDNA (kindly provided by Dr S Dimmeler, Frankfurt) with a Myc-tag encoding sequence was stably transfected to 27-1 cells by using the calcium phosphate coprecipitation method as described (Jordan et al., 1996) . After transfection and expression for 48 h, cells were selected with 1.5 mg/ml G418 for about 10 days. Forty-eight independent growing clones were picked up and expanded in cell culture. The expression of the Myc-Bcl-2 protein in the clones was checked by Western blotting with anti-Bcl-2 as well as anti-Myc antibody. Transfection of dominant-negative FADD (kindly provided by Dr V Dixit) occurred by means of the Eecten-Kit according to the manufacturers protocol (Qiagen). Transfection eciency was determined by cotransfection with GFP expression plasmid and counting of greenuorescent cells under a microscope.
Caspase activity assays
Caspase activity assays were performed using caspase detection kits (R&D Systems) according to the manufacturers protocol. Brie¯y, 2610 6 treated or untreated cells were lysed and centrifuged. The supernatant was added to an equal volume of reaction buer and caspase substrate peptids were added. Thereafter, probes were incubated at 378C for 1 h. Measurements were performed at 405 nm using an ELISA reader.
